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ABSTRACT
A study was conducted to investigate the effects of supplemental Chromium-Lmethionine (CrMet) on plasma and serum metabolites, growth performance, and meat
yield of market parts of heat-stressed and non-heat-stressed broilers. In a completely
randomized design, broilers reared under heat stress or thermoneutral condition
consumed diets supplemented with 0, 200, 400, and 800 µg/kg of chromium as
chromium-L-methionine (CrMet). Initially, three hundred commercial broiler chicks
(male) were randomly assigned to one of four CrMet treatments, with 75 birds per
treatment. Broilers were reared in floor pens and fed a common starter diet (day 1-21)
supplemented with four levels of CrMet. At 3 weeks, 160 broilers were randomly
selected and transferred to individual, wire cages, within two environmental chambers.
One chamber cycled between 18.3 and 23.9° C (Thermoneutral, TN), while the other
chamber cycled between 23.9 and 35° C (Heat Stress, HS). Within the two
environmental chambers, broilers consumed a grower diet (day 22-45) and a finisher diet
(day 45-49); both supplemented with the four levels of CrMet. Gain, as well as feed and
water consumption, were measured weekly. Blood samples were collected prior to (3
weeks) and during (7 weeks) heat stress. At 7 weeks, ten birds per treatment, per
chamber, were weighed, slaughtered, and cut into market parts for determination of
carcass yield and composition.
In three-week-old broilers, there was a dose-dependent response to CrMet
supplementation with 800 µg Cr/kg resulting in a 67.6 % increase (P < 0.0001) in serum
TG concentration. Supplementation of 400 and 800 µg Cr/kg decreased (P < 0.0001)
lV

plasma glucagon concentrations by 60.93 % and 44.54 % respectively. Serum NEF A and
plasma insulin concentrations were not affected by CrMet supplementation. In 7-weekold broilers, CrMet supplementation had no effect on serum NEF A or plasma glucagon
concentrations. Serum TG levels of CrMet treated birds tended (P < 0.1643) to be lower
than for birds receiving no supplementation. Additionally, CrMet treated birds tended
(P < 0.17) to have increased insulin concentrations (25.5 %). Heat stress increased
(P < 0.0001) serum TG and NEF A and plasma glucagon concentrations, but decreased
plasma insulin levels. In 3-week-old broilers, CrMet supplementation had no impact on
feed efficiency or feed consumption, however 800 µg Cr/kg decreased (P < 0.03) average
total gain by 8.5 %. In 7-week-old broilers, CrMet supplementation did not affect
average total gain or feed efficiency, however 200 µg Cr/kg reduced feed (P < 0.0351)
intake by 14.5 % under heat stress conditions. Additionally, heat stress reduced (P <
0.05) average total gain, feed efficiency, and feed consumption by 26.7, 24.7, and 15.9 %
respectively. Furthermore, CrMet supplementation did not affect dressing percentage or
percent yield of breast, thigh, and leg quarter. Supplementation of 800 µg Cr/kg
increased (P < 0.0151) percentage of leg under thermoneutral conditions. While
temperature had no effect on leg and thigh percentages, heat stress reduced (P < 0.0008)
percentage of breast by 4.8 % and increased (P < 0.0211) percentage ofleg quarter and
dressing percent (P < 0.0098). Supplementation with CrMet had no impact on percent
abdominal fat nor breast or leg quarter visible (subcutaneous plus intermuscular) fat.
Percent ether extract of breast and thigh, as well as crude protein of breast, leg, and thigh
were unaffected by CrMet supplementation. However, supplementation with 400 µg
Cr/kg decreased (P < 0.0148) percent ether extract of the leg by 10 %. Heat stress
V

increased (P < 0.05) percent abdominal fat and visible breast fat by 16 and 34.2 %
respectively, as well as percent crude protein ofleg by 3 %. In addition, percent ether
extract of the breast and leg were reduced (P < 0.01) by 11.3 and 7.1 % respectively.
Results indicate that heat stress alters serum and plasma metabolite concentrations,
growth performance, as well as carcass yield and composition of broilers while dietary
supplementation of CrMet was ineffective in negating the ill-effects of heat stress.
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1. INTRODUCTION

Top broiler producing states are predominately located in southeastern areas of
the United States, due to mild winter climates. However, benefits of mild winter
temperatures can be offset by hot, humid summers, as these areas are prone to heat
waves. Escalating temperatures are problematic for broiler producers because broilers
reared under heat stress conditions exhibit marked decreases in growth performance and
increases in mortality. Rising temperatures elicit compensatory responses in birds that
facilitate dissipation of body heat and reduction in metabolic heat. However, under high
temperature and humidity, these mechanisms are futile and birds become heat-stressed.
Heat-stressed broilers exhibit decreased feed and water consumption, feed efficiency,
gain (Hurwitz, 1980; Teeter et al. , 1985; Howlider and Rose, 1987; Ain Baziz et al. ,
1996), and decreased carcass yields with increased percentages of fat (Howlider and
Rose, 1987; Smith, 1993; Ain Baziz et al., 1996). Reduced growth performance, carcass
yields, and enhanced fatness result in significant economic losses to broiler producers.
Consequently, producers are seeking economical solutions to problems associated with
rearing broilers under heat stress conditions. Dietary supplementation is a possible
solution, since supplements can be easily added to broiler rations.
Researchers have shown that dietary supplementation with some forms of organic
Cr increases feed intake, feed efficiency, gain, and percentage of carcass protein and
reduces percentage of carcass fat (Steele and Rosebrough, 1979, 1981 ; Anderson et al. ,

1989; Page et al., 1990, 1991; Lindemann et al. , 1993; Monnsie-Shageer and Mowat,
1993; Ward et al., 1993; Hossain, 1995; Savoni et al., 1996).
Chromium potentiates the action of insulin by enhancing tissue insulin sensitivity
and increasing glucose uptake (Mertz, 1969). Increases in glucose uptake and glycogen
stores result in redirection of energy that otherwise would be stored as fat. Increased
insulin sensitivity may be important in birds, since birds have lower insulin receptor
numbers and higher blood glucose concentrations compared to mammals (Hazelwood,
1973; Stevens, 1996a). Insulin is a powerful anabolic hormone, therefore Cr may
influence balances between protein and fat deposition (Moorandian and Morley, 1987;
Vernon and Sasaki, 1991 ). Chromium increases protein accretion by enhancing RNA
synthesis and increasing amino acid uptake, which provides more protein for building
muscle (Okada et al., 1989).
Broilers consuming predominantly plant derived commercial diets may be
deficient in biologically available Cr since plants are naturally low in chromium and
milling processes further deplete plant Cr stores (Gibson, 1989; Lien et al., 1996).
Currently, The National Research Council (NRC) does not specify any recommendations
for inclusion of Cr in poultry diets, even though diets are plant based and potentially Cr
deficient. Considering that Cr alters body composition by increasing net protein
synthesis and reducing lipogenesis and that broiler diets may be Cr deficient, it is
plausible that supplemental CrMet may also have a positive effect on carcass
characteristics and growth performance of broilers. The objective of this study was to
evaluate effects of supplemental CrMet on growth performance, carcass yield and
composition, plasma insulin and glucagon concentrations, and serum triglyceride and
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non-esterified fatty acid concentrations in broilers reared under heat stress and
thermoneutral conditions.
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2. LITERATURE REVIEW

Heat Stress
Broilers experience heat stress when the combination of relative humidity and
ambient temperature rises, exceeding their comfort zone (Smith, 1990a,b; 1993). At
hatching, a bird' s comfort zone centers around 35° C and gradually declines to
approximately 24 ° C by four weeks of age (Teeter et al., 1989). As relative humidity and
ambient temperature rise, the body temperature of the bird increases, due to a decreasing
ability to dissipate heat (Smith, 1990a,b ). The normal average body temperature of
avians is approximately 41 ° C. In order to maintain normal body temperature, birds must
remove excess heat (Smith, 1989). The process of dissipating heat in birds is
accomplished by numerous physiological adaptive mechanisms. These compensatory
responses to heat stress serve to increase heat dissipation and reduce the production of
metabolic heat (Teeter and Smith, 1987). The physiological adaptive mechanisms for
dissipating heat are characterized as sensible heat loss and evaporative heat loss.
The components of sensible heat loss as described by Gebhart (1971) are radiant,
convective, conduction, and respiratory sensible heat transfer. Radiant heat transfer is
defined as the net long wave radiation between an animal ' s surface and an enclosure.
Convective heat transfer occurs via induced movements of fluid (air), resulting from a
natural or forced air motion. Respiratory sensible heat transfer is an exchange from the
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respiratory tract, facilitated by temperature difference between the inspired and expired
air.

During heat stress, birds exhibit modified physiological responses that enhance
the efficacy of sensible heat loss. An example of these modified physiological responses
is the change in peripheral blood flow (Hillman et al., 1985). When introduced to high
ambient temperatures, birds exhibit a shift in blood flow from the body core to the
extremities. By shunting blood flow to the extremities, avians increase the transport of
heat to body surfaces, where it is dissipated into the environment (Bottje et al., 1983).
Wolfenson et al. (1981) showed that high ambient temperatures increase capillary blood
flow in the comb, wattle, skin of the breast, and tissues that are associated with
respiratory water loss. In addition, heat stressed birds exhibit a subsequent decrease in
capillary blood flow to digestive and respiratory organs. Van Kampen (1971)
determined that the sensible heat loss from the comb and wattles comprised 34 % of the
total sensible heat loss at an ambient temperature of 35° C. In addition to modifying
peripheral blood flow, birds further enhance the dissipation of heat by maximizing the
area of heat dissipating body surface through crouching or standing with wings held
outwardly (Teeter and Smith, 1987).
While sensible heat loss is an effective thermoregulatory response during the
initial rise in ambient temperature, evaporative heat loss mechanisms predominate at high
ambient temperatures, due to the limited heat dissipating capacity of sensible heat loss
(Hillman et al. , 1985). The utilization of evaporative heat loss in the bird increases, as
ambient temperature increases, in an effort to maintain thermal equilibrium. Water is lost
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during the process of evaporative heat loss and for every gram of water evaporated,
approximately 586 calories of heat are dissipated (Hillman et al. , 1985). Water loss is
accomplished via passive diffusion of water vapor through the skin or evaporation from
the upper respiratory tract. Evaporative water loss from the skin by passive diffusion
accounts for a significant proportion of evaporative heat loss as ambient temperature
increases; however, at high ambient temperatures, evaporative heat loss by the respiratory
tract represents a greater proportion of total heat loss (Hillman et al., 1985).
At high ambient temperatures, evaporative cooling via panting becomes an
important method of heat dissipation (Curtis, 1981). When birds are exposed to ambient
temperatures greater than their zone of least thermoregulatory effort, panting becomes the
predominant heat loss mechanism. Evaporative heat loss via panting is accomplished by
passing air over the wet surfaces of the respiratory tract and saturating the air near bird
body temperature. Heat loss occurs provided that the inspired air is not both saturated
and equal to the body temperature of the bird (Hillman et al. , 1985). It has been shown
that within the narrow range of 41.3° C to 43° C, a bird' s panting rate is proportional to
body temperature (Smith, 1989). The degree of heat loss, by the evaporative cooling
affect of panting, is dependent on the relative humidity. Evaporative water losses from
the lung via panting are regulated by respiration rate (Jukes, 1971 ). El Hadi and Sykes
(1982) found an increase in the respiration rate of chickens, from 36 to 150 breaths per
minute when exposed to an ambient temperature of 35° C. Furthermore, when exposed
to an ambient temperature of 41 ° C, the respiration rate of chickens increased up to 180
breaths per minute.

6

The subsequent increase in respiration rate, through panting mediated heat loss in
response to high ambient temperature, represents a problem in birds. While respiratory
evaporative water loss is an effective mechanism for dissipating heat, panting renders
birds vulnerable to blood acid-base imbalance. Panting increases the ventilation of the
lungs and eventually reduces the partial pressure of alveolar carbon dioxide, resulting in
hypocapnia and blood alkalosis (Hillman et al., 1985). At rest the partial pressure of
carbon dioxide is 40 mm Hg (Smith, 1989). However, as ambient temperature increases
and rate of panting escalates, the partial pressure of carbon dioxide decreases as a result
of excessive exhalation of carbon dioxide. While the partial pressure of carbon dioxide
decreases, the blood concentration of the bicarbonate ions remain unchanged; therefore,
increasing the ratio of bicarbonate ions to carbon dioxide in the blood. This increase in
ratio of bicarbonate ions to carbon dioxide, increases the pH of the blood, resulting in
respiratory alkalosis (Smith, 1989). As ambient temperature rises, it becomes
increasingly difficult to maintain the delicate balance between the necessity of panting
and the associated risk of alkalosis.
Poultry utilize two physiological mechanisms in an attempt to negate respiratory
alkalosis (Hillman et al., 1985). These physiological mechanisms are gular flutter and the
shift of panting to the anatomical dead space of the respiratory tract. The anatomical
dead space includes: the nasal cavities, nasopharynx, larynx and trachea, which are not
involved in gaseous exchange. The observed fast, shallow breathing effectively reduces
the volume of air passing over the gaseous exchange surfaces of the lungs, since the
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anatomical dead space is encountered first during each breath, before fresh air reaches the
gaseous exchange surfaces.
In addition to hypocapnia and alkalosis, there are other repercussions associated
with the utilization of panting as a mechanism of heat loss. The benefit of panting (heat
loss) can be offset by the production of additional heat that is produced as a by-product
during the intense activation of the respiratory muscles involved in panting (Hillman et
al., 1985). In chickens, Barott and Pringle ( 1946) found a 17 % increase in metabolic
heat production when ambient temperature rose above the bird' s zone of minimum
metabolism. Furthermore, this 17 % increase in metabolic heat was attributed to the
energetic costs of panting. In the raven, Marder ( 1973) showed a 10 % increase in
metabolic heat production for every 1° C increase in body temperature when ambient
temperatures exceeded body temperature. This 10 % increase in metabolic heat
production was also attributed to the increased demands of the respiratory muscles during
panting.
Although birds have an inherent ability to dissipate heat, they are limited in their
efficiency and potential heat dissipating capacity. As previously stated, a bird' s
compensatory response to heat stress serves to increase heat dissipation and reduce the
production of metabolic heat (Teeter and Smith, 1987). Although earlier discussions
have recognized ambient temperature as a major factor of heat stress, the production of
metabolic heat is also an important contributor to overall heat stress in birds. The
environmental heat, in addition to metabolic heat, determines the total heat load of the
bird. Subsequently, whenever the total heat load exceeds the bird' s ability to dissipate

8

heat, body temperature rises (Teeter and Smith, 1987). When birds consume feed, heat is
generated during the utilization of this feed and this heat combines with the
environmental heat to increase the total body heat of the bird (Smith, 1990). Because
metabolism is exothermic in nature (Smith, 1989), by lowering feed intake, birds lower
metabolic substrates available for metabolism, thereby reducing heat production (Teeter
et al., 1987). Therefore, when ambient temperature exceeds the bird's thermoneutral
zone, feed consumption declines (Smith, 1989). Ain Baziz et al . (1996) observed a 3.6 %
decrease in feed intake per degree increase between 22° and 32° C. Similar findings
were made by Bonnet et al. (1997), who found that feed consumption decreased by more
than three percent, per degree increase between 22° and 32° C. In addition, Teeter and
Smith (1987) showed a 10 % decrease in feed consumption as ambient temperature
increased to 35° C.
Heat stressed birds decrease feed consumption in order to reduce metabolic heat
production and maintain homeothermy; however, as a consequence birds exhibit a
corresponding decrease in growth (Ain Baziz et al. , 1996). In effect, high temperatures
markedly reduce broiler performance via decreases in feed intake and a subsequent
reduction in body weight gain (Teeter et al. , 1985). Smith (1993) found that broilers
reared under cycling high temperatures gained approximately 21 % less weight than their
thermoneutral counterparts. Howlider and Rose (1987) also observed a reduced growth
rate of 1.5 % per degree Celsius above 21 ° C. Although an increase in time taken to
reach slaughter weight is a major disadvantage of rearing broilers at high temperatures,
the effect of a reduced feed efficiency represents an equal challenge. Ain Baziz et al.
9

( 1996) swnmarizes that the direct effect of high ambient temperature is not only a
decrease in growth rate, but also a decrease in feed efficiency at the same feed intake
level. Bonnet et al. (1997) found that heat exposed chickens exhibited a reduction in
weight gain and a higher feed to gain ratio. Furthermore, Hurwitz (1980) found a
decrease in feed efficiency when ambient temperatures exceeded 29° C.
Although decreased feed consumption and weight gain are problematic in broiler
production, other manifestations of heat stress on carcass performance further reduce the
efficiency and profitability of the broiler industry. An example of such a manifestation of
heat stress on carcass performance is the observed enhanced fatness of chickens. Ain
Baziz et al. (1996) found an increase in fat deposition of 56 % for abdominal fat, 62 % for
subcutaneous fat, and 44 % for intramuscular fat. In addition, Howlider and Rose (1987)
showed a 1.6 % increase in abdominal fat proportion per degree increase between 21 ° C
and 29° C. This increase in fat deposition may be explained by a reduction in basal
metabolism and physical activity occurring during heat stress, that renders an increase in
energy available for growth; however, this extra energy may essentially be stored as
abdominal and subcutaneous fat in chickens (Ain Baziz et al., 1996). In addition to the
increase in fat deposition, heat stressed birds also exhibit decreased meat yields, which
further reduces the potential profits that could be obtained by broiler producers. Smith
(1993) found that whole breast and breast yield along with the leg quarter and thigh
weights were lower for heat stressed birds. Breast weights of the heat stressed male birds
were 13 % less than their thermoneutral counterparts.

Carbohydrate Metabolism
During embryonic development the chicken's diet consists of high amounts of fat
with only traces of carbohydrates. The embryonic chick depends on the egg yolk for
dietary needs. The egg yolk consists of 55 % protein, 44 % lipid, and only 1 %
carbohydrate (Bate and Dickson, 1986). Since embryonic energy sources are
predominantly lipids, the gluconeogenic pathways that convert triacylglycerol into
carbohydrates and store excess glucose as glycogen are both highly active during the
incubation period, but decrease after hatching (Pearce and Brown, 1971). Shen and
Mistry (1979) and McCaffrey and Hamilton (1994) found decreases in the activity of the
gluconeogenic regulatory enzymes fructose-1 ,6-bisphosphatase (bypasses the second
regulatory step in glycolysis), glucose-6-phosphatase (bypasses the first regulatory step of
glycolysis), and phosphoenolpyruvate carboxykinase (bypasses the third regulatory step
of glycolysis) from the eighteenth day of incubation up to twenty days after hatching.
After hatching, the chicken diet becomes rich in carbohydrates and the energy
source changes from almost exclusively lipids to predominantly carbohydrates (Stevens,
1996a). During embryonic development Wallace and Newsholme (1967) found increases
in activity of the glycolytic regulatory enzymes phosphofructokinase and pyruvate kinase
of the liver, which has been proposed to be in preparation for the metabolism of
carbohydrate rich diets consumed after hatching. Furthermore, the glycolytic regulatory
enzyme hexokinase, which is involved in the first step of glycolysis, has a reportedly
higher activity in the adult bird.
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Glycolysis and the tricarboxylic acid cycle are the predominant pathways of
glucose catabolism in the hatched bird (Pearce and Brown, 1971). The majority of
glycolysis activity occurs in skeletal and cardiac muscle, generating adenosine
triphosphate (ATP), and to a lesser extent in the liver. Due to a lower rate of glycolysis,
the liver's primary role is providing intermediary metabolites for biosynthesis (Stevens,
1996a). While the hexose monophosphate (HMP) shunt is operative in liver, adipose
tissue (Goodridge, 1968a), red blood cell (Sheilds et al. , 1964), kidney (Shen and Mistry,
1979), and nervous system (Larrabee, 1989), lower activity of glucose-6-phosphate
dehydrogenase (HMP shunt), as compared to 6-phosphofructokinase (glycolysis),
suggests that the role of the HMP shunt in avian carbohydrate metabolism is insignificant
(Stevens, 1996a).
The principal form in which carbohydrates are stored in birds is glycogen, with
the main reserves being in the liver, kidney, and skeletal muscle. An additional glycogen
pool is present in the lumbosacral region of the avian spinal cord and, while small, is
metabolically active in the synthesis and degradation of glycogen (de Gennaro, 1982).
Liver and kidney glycogen is converted to glucose and ultimately released into the
bloodstream. While the avian liver has a higher concentration of glycogen, the kidney
remains an important source of blood glucose, despite its lower glycogen concentration.
Both the liver and the kidney are capable of high rates of gluconeogenesis, with the
kidney contributing nearly 70 % of the total blood glucose concentration (Tinker et al.,
1986). Glucose appearing in the blood originates from dietary sources or an endogenous
release from liver and kidney tissue via gluconeogenesis (Stevens, 1996a).
12

Carbohydrates are transported between avian tissues in the form of glucose.
Avian blood glucose concentration is greater than the intracellular glucose concentration
of tissues, which enables facilitated diffusion of glucose into the tissues. Avian liver
exports glucose, while the small intestine and renal epithelial cells are involved in
transepithelial glucose transport. A Glut-4 glucose transporter has not been found in
avians; however, a Glut-I glucose transporter has been isolated from skeletal muscle,
adipose tissue, and the brain, but not the red blood cell (Duclos et al., 1993).
Subsequently, the avian erythrocyte is less permeable to glucose, (Sheilds et al., 1964)
therefore negligible amounts of glucose are taken up by mature red blood cells, despite
the high level of circulating extracellular glucose (Mathew et al., 1993). When the avian
red blood cell was incubated with inosine, guanosine, and glutamine, ATP levels were
maintained suggesting that the low rate of glucose transport in the red blood cell may be
compensated for by a high capacity to transport and metabolize nucleosides and
glutamine. Inosine is a metabolic precursor of uric acid and its metabolism may be
involved in a salvage pathway in which carbohydrates are further utilized, leaving the
purine ring to from uric acid (Mathew et al., 1993).
In addition to glucose transporters, hexokinase and glucose-6-phosphatase also
play a role in control of glucose transport. Both enzymes catalyze the phosphorylation
and dephosphorylation of glucose. Hexokinase IV (glucokinase) is only found in
hepatocytes and B-cells of the pancreas. Dietary glucose is transported from the small
intestine to the liver via the hepatic portal vein. When the glucose concentration in the
hepatic portal vein is high, liver glucokinase regulates the uptake of glucose into the liver
13

where it is then converted to glycogen and stored. While the presence of the enzyme
glucokinase has been researched in the hepatocytes of domestic fowl, results prove
inconclusive (Stevens, 1996a).
When comparing avian and mammalian carbohydrate metabolism, notable
differences occur in not only hormone regulation, but biochemical aspects as well. In
comparison to mammals, birds are capable of higher rates of gluconeogenesis and have
higher blood glucose concentrations, of which the steady state level is less susceptible to
change during starvation (Stevens, 1996a). The gluconeogenic pathways utilized by
avians and mammals are similar, but differ in their capacities and control.
Phosphoenolpyruvate carboxykinase (PEPCK), the gluconeogenic enzyme that catalyzes
the conversion of oxaloacetate to phosphoenol pyruvate in the cytosol, has different
intracellular distributions in avian and mammalian liver. PEPCK is present almost
exclusively(> 99%) in the mitochondria of pigeon and domesitc fowl liver (Soling et al.,
1973). In contrast, mammalian PEPCK is primarily cytosolic and present, if at all, only
in minute amounts in the mitochondria (Stevens, 1996a). The avian liver prefers lactate
as a gluconeogenic substrate, while in mammalian liver, pyruvate is the preferred
gluconeogenic precursor (Langslow, 1978). This substrate difference between avian and
mammalian liver persists due to avians' high requirement for reducing equivalents in the
cytosol to perpetuate gluconeogenesis and the fact that PEPCK is present only in the
mitochondria. In avian gluconeogenesis, lactate is first oxidized to pyruvate in the
cytosol, generating the nicotinamide adenine dinucleotides (NADHs) required for the
reduction of 1,3-diphosphoglycerate. Pyruvate enters the mitochondrial matrix of the
14

liver, where both pyruvate carboyxlase and PEPCK convert pyruvate to phosphoenol
pyruvate (PEP). Once PEP is formed, it is transported out of the mitochondria in
exchange for either malate or citrate (Soling and Kleinicke, 1976). Upon entering the
cytosol, pyruvate is converted to glucose. In mammalian gluconeogenesis, pyruvate is
the preferred substrate due to the fact that mammalian PEPCK is present predominantly
in the cytosol. In order to generate NADH required for mammalian gluconeogenesis,
pyruvate must enter the mitochondria where it is converted to oxaloacetate by pyruvate
carboxylase and then reduced to malate. Malate leaves the mitochondria and is converted
back to oxaloacetate, generating the NADH required for gluconeogensis. Oxaloacetate is
then converted to PEP by cytosolic PEPCK. The avian kidney is similar to the
mammalian liver in that it prefers pyruvate as the gluconeogenic substrate and has
cytosolic PEPCK (20-50 % of activity) along with mitochondrial PEPCK (Watford et al. ,
1981 ). Mitochondrial PEPCK is constitutive; however, cytosolic PEPCK can adapt in
response to dietary or hormonal stimuli. Since cytosolic PEPCK is present in the avian
kidney, the kidney can adapt to dietary changes, enabling pyruvate and amino acids to be
converted to glucose (Watford, 1985).
One avain tissue that has no mammalian equivalent is the gizzard. Glycogen
phosphorylase kinase (GPK), the gluconeogenic enzyme that catalyzes the phosphate
transfer from ATP to the Serine 14 residue of glycogen phosphorylase (active form), has
been purified from not only avian skeletal muscle (Andreeva et al. , 1986), but also the
gizzard (Nikolaropoulis and Sotiroudis, 1985). Gizzard glycogen phosphorylase kinase is
not activated by cyclic adenosine monophosphate (cAMP) dependent protein kinase or
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regulated by phosphorylation. Gizzard GPK further differs from mammalian GPK, by
exclusion of calmodulin as an integral part of its structure. Gizzard GPK is activated by
exogenous calmodulin and modulated by intracellular calcium; however, it binds
calmodulin less strongly than other phosphorylase kinases.
In addition to GPK, there are also differences observed between avians and
mammals in the gluconeogenic enzyme pyruvate kinase (PK). This enzyme catalyzes the
transfer of the phosphate group from PEP to adenosine diphosphate (ADP) regenerating
pyruvate. There are a number of isoenzymes ofpyruvate kinase (L, R, Ml , and M2)
found in the mammalian liver. The L isoenzyme is the predominant form in mammalian
liver and appears in smaller amounts, with traces of M2, in the kidney and small intestine.
In mammals, the M2 isoenzyme has the widest tissue distribution. Similarly, the M2
isoenzyme is also the most widely distributed in avian tissues, but unlike mammals, it is
also the predominant form of avian liver and is also present in kidney and lung tissue
(Lenberg and Gilbert, 1983, 1985). Most compelling, are the findings of Abramova et al.
(1992) who state that the L isoenzyme is not present in domestic fowl liver, throughout
development. In mammalian liver, the L isozyme is the predominant form, comprising
70-90 % of the total enzyme. Such high levels of the L form are induced in the
mammalian liver, in response to high carbohydrate diets. In avians, pyruvate kinase
activity changes little in response to an increase in carbohydrate content of the diet,
unlike the mammalian liver, where the L form is dominant (Strandholm et al., 1975).
Carbohydrate metabolism is partially regulated by the pancreatic hormones,
insulin and glucagon. The avian pancreas is a four-lobed structure characterized by alpha
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and beta islets in acinar tissue. Beta-islets secrete insulin and are located on the dorsal
third and ventral lobes of the pancreas. Alpha-islets secrete glucagon and are located on
the ventral and splendic lobes of the pancreas. While the pancreas serves as the primary
source of insulin, this hormone has also been extracted from the kidney, suggesting that
the kidney may also serve as a source of insulin (Hazelwood, 1970). The actions of
insulin and glucagon are antagonistic, in that insulin promotes the biosynthesis of
glycogen, fatty acids, and proteins, while glucagon stimulates gluconeogenesis,
glycogenolysis, and lipolysis (Simon, 1989; Stevens, 1996a). In avians, the actions of
glucagon and insulin are similar to that of mammals. However, in avian carbohydrate
metabolism, glucagon is the dominant hormone regulator, not insulin, as occurs in
mammalian carbohydrate metabolism (Sitbon et al., 1980). In fact, insulin may have
little or no direct effect on glucose metabolism, except for a transport effect (Hazelwood,
1970).
There is much evidence to suggest that glucagon plays a more dominant role than
insulin in the control of avian carbohydrate metabolism. First, the bird is the only animal
in which a selective glucagon deficiency syndrome has been produced. Glucagon
deficient birds become grossly hypoglycemic, moribund, and die in the absence of
immediate glucagon replacement (Hazelwood, 1970). Mikami and Ono (1962)
demonstrated that complete removal of the splendic lobe of the chicken pancreas, which
is comprised of glucagon secreting type cells, produced a profound hypoglycemic state,
leading to death within a few hours. This hypoglycemic effect was prevented by
injection with glucose or glucagon. Glucagon is believed to play a critical role in avian
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carbohydrate metabolism through the activation of the hepatic phosphorylase system and
release of essential circulating glucose from glycogen depots. Therefore, glucagon is
considered to be one of the most important endocrine secretions controlling avian
carbohydrate metabolism (Hazelwood, 1970). Secondly, in domestic fowl liver, there are
more glucagon receptors than insulin receptors (Stevens, 1996a). Insulin receptors have
been isolated from domestic fowl brain, liver, skeletal muscle (Simon and Leroith, 1986;
Adamo et al., 1987), red blood cell (Ginsberg et al., 1976), cardiac muscle, thymocytes,
chondrocytes, and myoblasts (Simon and Taouis, 1993). However, the number of insulin
receptors per cell is generally lower in birds when compared to mammals, which may
partly explain the lowered sensitivity of birds to insulin (Hazelwood, 1973).
While birds may exhibit a resistance to exogenous insulin, insulin does have
definite roles, such as the facilitation of glucose transport, adjustment of tissue sensitivity
to the impact of other hormones, and intermediary metabolism of circulating glucose
(Stevens, 1996a). Insulin exerts its action through a cell signaiing pathway that
facilitates glucose transport into tissues (liver) and increases the intracellular activity of
glucokinase (glycolysis) and glycogen synthetase (glycogenesis) enzymes, resulting in a
lowered blood glucose and increased hepatic synthesis and deposition of glycogen.
Proteinacious effects of insulin in avians is similar to those observed in mammals;
gluconeogensis is drastically reduced as a result of decreased activity in enzymes
involved in the conversion of non carbohydrate substrates to glucose (Stevens, 1996a).
The importance of glucagon in avian carbohydrate metabolism has already been
established. In contrast to insulin, glucagon exerts its action at the periphery by
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interacting with the membrane bound adenyl-cyclase. Glucagon acts through cAMP
dependent protein kinase, which stimulates hormone release from the pancreas, calcium
and potassium release (liver), glycogenolysis (liver), gluconeogensis (liver), and inhibits
lipogenesis (liver) and promotes lipolysis (adipose and hepatic tissue) (Stevens, 1996a).
Glucagon induces gluconeogensis in the avian liver by increasing the levels and the
activity of phosphopyruvate carboxykinase (Hazelwood, 1972).
Both insulin and glucagon are secreted in response to the nutritional status of the
bird. High blood glucose concentration promotes the release of insulin in mammals, as
well as in birds, but in the domestic fowl insulin release does not occur until plasma
glucose concentration reaches approximately 15-30 mM, which is considerably higher
than the physiological concentration (Simon, 1989). Insulin sets the hormonal
background for a synergistic action with glucagon (Stevens, 1996a). In the domestic
fowl, glucagon induces the secretion of insulin (Simon, 1989). When the hormone
glucagon binds to its receptor, ATP is converted to cAMP through a series of steps
associated with the cAMP dependent protein kinase pathway. Glucagon facilitates the
end release of cAMP. In order for glucagon to stimulate the release of insulin, then
insulin must also be released in response to an increase in intracelluar cAMP.
Intracellular cAMP potentiates the release of insulin from the ~-islets, which is induced
by the elevated glucose concentration in the plasma, resultant of the action of glucagon
and gluconeogenesis (Rideau and Simon, 1993). Furthermore, insulin increases the
release of glucagon in the long term, even though glucagon release is decreased during
the short term (Stevens, 1996a). Amino acids (arginine) and metabolites of glucose exert
19

a strong synergistic effect, while fatty acids exert a weak synergistic effect on the glucose
stimulated release of insulin (Simon, 1989; Rideau and Simon, 1992). Whereas insulin is
primarily released in response to high plasma glucose, the release of glucagon is
promoted by low plasma glucose concentration and inhibited by high plasma glucose
(Hazelwood, 1986). Glucagon may also be secreted in response to stress such as
handling and extremes in environment.

Lipid Metabolism
Lipids present in the largest amounts in vertebrates, including birds, are the
triglycerides (TG). These are fatty acid esters of glycerol and while found throughout
various body tissues, they are primarily deposited in adipose tissue (Stevens, 1996b).
Abdominal, subcutaneous, and intramuscular adipose tissues comprise the major lipid
reserves (Cahaner et al., 1986). Skin, in addition to adipose tissue, may store over 85%
of total body TG (Nir et al., 1988). Most of the TG that accumulate in avian adipose
tissue are synthesized in the liver from either carbohydrates or derived from the diet
(exogenous) (Griffin and Hermier, 1988). Exogenous lipids (TG, cholesterol, and
cholesterol esters) are absorbed in the small intestine and transported directly to the liver,
through the portal system as portomicrons (Stevens, 1996b). Synthesized lipids are
incorporated into very low density lipoprotein (VLDL) fraction and released from the
liver into the blood. Enzymatic action of lipoprotein lipase (LPL) releases fatty acids
(FA) from VLDL, which can then be stored in adipocytes (Simon, 1988). Birds have an
extremely high capacity for storing lipids, exceeding that of any other class of
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vertebrates. Scanes (1987) demonstrated in growing broilers that between the ages of one
and six weeks, total body lipid doubled every 5 .5 days. These large lipid reserves of
adipose tissue are important nutritionally for the bird, as they can be mobilized when
dietary intake is low, but energy output is high. While adipose tissue has a large capacity
for lipid storage, it is limited in its capacity for FA synthesis (Goodridge, 1968b),
subsequently, most of the accumulating fat is of dietary origin (Griffin and Hermier,
1988).
Birds have a very high capacity for lipid biosynthesis. In chickens, the liver is the
major site of lipogenesis (Goodridge and Ball, 1966), not adipose tissue, as occurs in
mammals (Leveille, 1969). Therefore, most of the fat that accumulates in avian adipose
tissue was originally synthesized in the liver or derived from the diet (Griffin and
Hermier, 1988). Bone marrow also has a high capacity for lipid synthesis in birds. Nir
and Lin ( 1982) found total lipogenic activity of the skeleton to be half the activity of the
liver and various individual bones had one-tenth to one-third lipogenic activity of the
liver. Furthermore, isolated bone marrow was found to have nearly two-thirds of the
hepatic activity.
Lipids circulating in the blood are derived from intestinal absorption, synthesis
(liver), or mobilization from fat depots (Griminger, 1976). Lipids are transported through
the bloodstream from either the small intestine (dietary source) or from the liver (de novo
lipid synthesis). There are major differences in how dietary lipid is transported from the
intestine of birds and mammals. In mammals, the mucosal cell incorporates nearly all
dietary fat into large lipoproteins called chylomicrons. These chylomicrons are secreted
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into the lymphatic system and enter the bloodstream via the thoracic duct, eventually
emptying into the jugular vein (Griffin and Hermier, 1988). In contrast to mammals,
birds do not have a well developed lymphatic system; therefore, TG absorbed in the small
intestine are transported directly to the liver, via the portal system, as lipoprotein particles
referred to as portomicrons (Stevens, 1996b). Mammalian intestinal cells secrete some
smaller VLDL, in addition to chylomicrons; however, in avians there is no evidence of
additional intestinal secretion of VLDL, other than portomicrons (Griffin and Hermier,
1988). Once FA are absorbed, re-esterification of FA in intestinal mucosa is incomplete
in birds, resulting in a release of absorbed fat (up to 50 %) into the portal vein as nonesterified FA bound to albumin (Sklan et al., 1984). In mammals, at least 90 % of dietary
FA are incorporated into chylomicrons. Upon reaching the liver, uptake of portomicrons
occurs relatively slowly and most portomicrons pass through the liver, targeting
extrahepatic tissues (Griffin and Hermier, 1988).
Lipids transported in the blood are in the form of a lipoprotein. Metabolism of
lipoproteins in the plasma directs lipids to specific tissues in response to nutritional or
physiological needs (Griffin and Hermier, 1988). The concentration of lipoprotein in
plasma depends on the rate of production of lipoproteins and the rate of uptake and
degradation by peripheral tissues (Stevens, 1996b). There are three main fractions
obtained by density gradient centrifugation of plasma from domestic fowl : very low
density lipoproteins (VLDL), low density lipoproteins (LDL), and high density
lipoprotein (HDL) (Oku et al. , 1993). Avian VLDL incorporates lipids of both
endogenous and exogenous origin. VLDL transports exogenous TG from the small
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intestine or endogenous TG from the liver, to peripheral tissues. LDL arise from VLDL
after the TG portion has been removed, subsequently, LDL are relatively richer in
cholesterol and cholesterol esters (Stevens, 1996b). High density lipoproteins are
important in the transport of cholesterol from the peripheral tissues to the liver, where
they are degraded. Avians have only a single HDL class, which has a protein to lipid
ratio closest to the human HDL 2; however, physical properties more closely resemble
human HDL3 (Kruski and Scanu, 1975).
The majority of plasma TG in immature birds circulates as VLDL, with the liver
being the major source; however, evidence suggests that the kidney may also play a role
in VLDL synthesis (Blue et al., 1980). The ratio of endogenous to exogenous origin of
TG found in the VLDL fraction is dependent on the bird' s nutritional status (Hermier et
al. , 1984). Control of hepatic VLDL synthesis is determined by supply of FA from
dietary fat and degree of de novo lipogenesis occurring in the liver and other tissues
(Griffin and Hermier, 1988).
Release of TG from adipose tissue provides energy for muscles, in the form of
FA. (Stevens, 1996b). Skeletal and cardiac muscle rely heavily on lipids for energy.
During TG catabolism, lipids are supplied to peripheral tissues from adipose tissue.
Lipolysis occurs, releasing FA from adipose tissue and transporting them bound to
albumin, until taken up by peripheral tissues (Evans, 1977; Stevens, 1996b;). Release of
stored lipids in adipose tissue is dependent upon hydrolysis of TG, facilitated by the
enzyme hormone-sensitive lipase. Once in the cytosol of peripheral tissues, FA are
converted to acyl-CoA and further to acyl camitine, before entering the mitochondrial
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matrix. In the mitochondrial matrix, FA undergo P-oxidation, generating energy in the
form of ATP.
One of the regulatory steps of P-oxidation begins with the mitochondrial enzyme
carnitine palmitoyl transferase I (CPT-I), involved in the transport of the acyl groups
across the inner mitochondrial membrane. Malonyl CoA is an inhibitor of CPT-I in both
mammals and birds (Griffin et al., 1990). In mammalian tissues, a sharp increase in
cytosolic malonyl CoA concentration prevents acyl-CoA from entering the mitochondria,
via inhibition of the CPT-I enzyme. Inhibition of CPT-I ensures that
()-oxidation is suppressed whenever FA synthesis is active. In contrast to mammals,
domestic fowl liver malonyl CoA never reaches a high enough concentration to inhibit
CPT-I; therefore, both lipogenesis and P-oxidation can occur simultaneously in the liver
at a significant rate (Griffin et al., 1990).
On reaching peripheral tissues, plasma VLDL bind to LPL, present on the
capillary walls. Adherence of VLDL to lipoprotein lipase is regulated by apoproteins
(Apo).
Apo-B houses the binding site for LPL and Apo-II and is instrumental in preventing lipid
breakdown during transport. After TG have been hydrolysed by LPL, released free FA
are taken up by peripheral tissues. VLDL having lost a portion of their lipid (TG), now
have a higher density and become part of the LDL and IDL. Low density lipoproteins
return to the liver where they bind to the cell surface receptors and are endocytosed,
complete break down occurs inside lysosomes. When VLDL reach peripheral tissues,
uptake of triglyceride fatty acids from VLDL into the adipocyte is regulated by the
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enzyme LPL (Robinson et. al., 1975). Lipoprotein lipase catalyzes the hydrolysis of
lipoprotein TG to FA and glycerol in the plasma. Fatty acids released enter surrounding
tissues via diffusion and are either oxidized for energy or re-esterified for storage (Griffin
and Hermier, 1988). Hydrolysis of TG, from the VLDL core or portomicron particles,
requires a loss of redundant surface components to accommodate the reduction in
lipoprotein size. This is achieved by the transfer of apolipoproteins directly to other
plasma lipoproteins (Behr et al, 1981 ). Density of lipoproteins increases as hydrolysis
proceeds because more lipid is hydrolysed than protein lost (Griffin and Hermier, 1988).
Growth.of adipose tissue is a result of hypertrophy and hyperplasia. Hypertrophy
is characterized as an increase in cell size, while hyperplasia is an increase in cell number
(Butterwith, 1988). LPL regulates hypertrophy, as it is the rate limiting enzyme in the
hydrolysis of VLDL (Cryer, 1981). In mammals, enzymatic activity of LPL is
influenced by nutritional status. In the fed state, mammalian LPL activity is high in
adipose tissue, but low in muscle tissue, resulting in storage of lipid in adipose tissue
(Butterwith, 1988). Griffin et al. (1987) has shown enhanced lipoprotein lipase activity
to be a significant factor in the increased growth of adipose tissue in broilers. When
comparing broilers to layer strains, broilers exhibited a 24-fold increase in LPL activity
per tissue.
Growth due to hyperplasia begins with adipocyte precursors, which are fibroblastlike cells containing negligible amounts of lipid, that proliferate, forming a monolayer
and finally differentiating (Butterwith, 1988). While hypertrophy is regulated by LPL,
hyperplasia is regulated by insulin and insulin-like growth factors (IGF) (Shimizu et al.,
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1986). Insulin-like growth factors are the main effectors of preadipocytes, while insulin
is the major regulator of mature adipocytes. Shimizu et al. (1986) found preadipocytes to
have a low number of insulin receptors, but a high number ofIGF-1 and IGF-2 receptors.
Furthermore, after differentiation, mature adipocytes contained a higher proportion of
insulin receptors, and thus were more responsive to insulin as opposed to IGF-1.
Growth of adipose tissue by hypertrophy alone begins early, during the embryonic
period, and continues until approximately six weeks of age. Growth by hypertrophy and
hyperplasia combined contribute to the increase in adipose tissue from six weeks until
approximately 14 weeks of age (Langslow and Lewis, 1972; Pfaff and Austic, 1976;
March and Hansen, 1977). After 14 weeks of age, cell multiplication ceases
(hypertrophy) resulting in a relatively constant number of fat cells, while at the same time
a rapid increase in cell size (hyperplasia) occurs (Hood, 1982,1984). In broiler adipose
tissue, two distinguishable cell populations have been identified. March et al. (1984)
found a bimodal distribution of adipose cell size and number as early as seven weeks of
age. One of the populations consisted of smaller cells (< 50 µm) that appeared to
increase in number only, not in size. While the other population, consisting of larger
cells(> 50µm), was found to only increase in cell size, not cell number. Cartwright et al.
(1986) proposed that excessive fat deposition occurring in broiler-type chickens may be
related to factors that affect adipocyte size. This theory was based on their findings that
differences in fat pad weights between layer-type and broiler-type chickens were due to
larger adipocyte size, since the quantity of adipose cells between the two populations
were similar. This suggests that the increased fatness was due to the larger cell
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population, since it increases in cell size; however, the small cell population comprises an
estimated 62 % of the total adipocyte number after twenty-two weeks of age.
Futhermore, at this age, the small cell population appears to still undergo hyperplasia
(March et al., 1984).
The principal hormones that influence lipid biosynthesis in the liver are insulin
and glucagon (Stevens, 1996b). In general, insulin promotes FA biosynthesis by
increasing gene transcription (Wilson et al., 1986), stimulating synthesis of enzymes
(malate dehydrogenase, acetyl-CoA carboxylase, FA synthetase, stearoyl-CoA
desaturase), resulting in an increase in lipogenesis (Simon, 1988), stimulating LPL
acitivity in adipocytes, increasing the uptake of free FA from VLDL (Borron et al., 1979).
In contrast, glucagon suppresses FA synthesis (antilipogenic) by inhibiting the
accumulation of FA synthase messenger ribonucleic acid (mRNA) (Wilson et al., 1986).
Fatty acid synthase is the enzyme complex responsible for catalyzing all reactions
involved in the synthesis of FA. Fine control of FA synthesis is mediated by allosteric
and covalent modification. Acetyl-CoA carboxylase is the rate-limiting step in FA
biosynthesis and is allosterically inhibited by long chain fatty acyl CoA. Acetyl-CoA
carboxylase is an important regulator in FA synthesis, as it is involved in catalyzing the
carboxylation of acetyl CoA to malonyl CoA. This step is important in that it commits
acetyl CoA to FA synthesis. Glucagon also acts as an inhibitor of acetyl CoA
carboxylase, further decreasing FA synthesis. Glucagon increases the level of cAMP,
which decreases the activity of PFK, decreasing glycolysis, which, in turn, decreases
pyruvate (end product of glycolysis). Normally, pyruvate enters the mitochondria where
27

it is split into two acetyl CoA. One acetyl CoA combines with oxaloacetate (end product
of tricarboxylic acid cycle) to form citrate, catalyzed by citrate synthase. After citrate is
produced it is transported to the cytosol and broken down, again into acetyl CoA and
oxaloacetate. Acetyl CoA combines with malonyl CoA, forming the building blocks for
FA synthesis. Inhibition of glycolysis indirectly decreases the levels of citrate produced

within the mitochondria, which decreases the activity of acetyl CoA carboxylase, due to
lack of substrate acetyl CoA (Stevens, 1996b).
Birds have been shown to have an increased responsiveness to lipolytic agents
(Rubin et al. , 1977; Forest et al., 1981). Avian adipose tissue and cells are extremely
sensitive to glucagon, making glucagon the most potent lipolytic agent in birds
(Langslow and Hales, 1969; Krug et al. , 1976). Glucagon stimulates lipolysis in adipose
tissue via cAMP. Lipolytic hormones exert their effects by increasing intracellular
cAMP levels, which activate hormone sensitive lipase via phosphorylation by a protein
kinase. Chicken adipocytes have a significantly greater ability to accumulate cAMP than
mammalian fat cells and are much less sensitive to product inhibition by non-esterfied FA
(Malgieri et al., 1975; Kitabgi et al. , 1976). These differences are thought to account for
the much greater sensitivity of avian adipocytes to glucagon, as compared to mammallian
cells. In contrast to mammals, catecholamines appear to be of less importance in the
mobilization of free FA in birds (Griminger, 1976), further implicating glucagon as the
prime lipolytic hormone in birds. Furthermore, glucagon has been shown to participate in
a glucagon-free FA feedback mechanism (Gross and Mialhe, 1974) which maintains free
FA levels at different values according to physiological circumstances.
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Insulin plays an antilipolytic role in mammals, by inhibiting the release of
glycerol
and free FA in adipose tissue and by stimulating the conversion of glucose to fat. This
effect has never been demonstrated in birds (Butterwith, 1988). Moreover, Carlson et. al.
(1964) found insulin to have neither lipolytic nor anti-lipolytic actions in birds. However,
glucagon is a potent lipolytic hormone in birds and high doses of insulin have been found
to potentiate lipolytic effects of glucagon in adipocytes from embryos and young
chickens (Goodridge, 1968b; Langslow and Hales, 1969). Much evidence supports the
idea of an insulin-stimulated release of glucagon, such as an increase in muscle, blood,
and liver cAMP levels (Frohlic and Marquardt, 1972), as well as an increase in free FA
concentrations in chickens (Goodridge, 1964; Heald et al. , 1965; Junod et al. , 1967;
Lepkovsky et al., 1967; Grand, 1969; Langslow et al. , 1970; Nir and Levy, 1973). The
increase in plasma free fatty acid levels produced by administration of exogenous insulin,
may be attributable to an increase in plasma glucagon (Hazelwood and Langslow, 1978).

Chromium
Trivalent chromium (Cr3+) first emerged as a biologically important trace mineral
in the late 1950' s, when laboratory rats consuming a low chromium (Cr) diet developed
symptoms of a diabetic-like syndrome, that were abolished when chromium was added to
the diet in the form of high-Cr yeast or yeast extract (Mertz and Schwartz, 1955). The
property in brewer' s yeast that was responsible for the normalization of glucose
metabolism in the rats became known as the glucose tolerance factor (GTF) (Schwartz
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and Mertz, 1959; Mertz and Roginski, 1971). In 1957, Schwarz and Mertz recognized

cr3+as the active constituent in the glucose tolerance factor isolated from brewer' s yeast.
Despite much investigation, the GTF complex remains to be characterized and purified,
but current evidence indicates that the GTF complex contains two molecules of nicotinic
acid and a small oligopeptide, such as glutathione, coordinated to cr3+(Toepfer et al.,
1976). Glucose tolerance factor appears to play a role in normal glucose metabolism
through promotion of insulin attachment to cellular insulin receptors, potentiating the
metabolic actions of insulin. Subsequently, Cr deficient animals and humans exhibit:
glucose intolerance; decreased glycogen production and amino acid incorporation,
resulting in reduced lean body mass; decreased insulin-receptor binding, as well as
receptor number, resulting in increased circulating plasma insulin; overall impaired
growth; and elevated serum cholesterol and TG levels, due to increased lipogenesis,
resulting in increased percent body fat (Shroeder, 1968; Anderson, 1994).
In their natural form, many plant products already contain low levels of Cr and
milling further lowers Cr levels, as the process removes approximately 83 % of the
grain' s original chromium stores (Gibson, 1989). Since typical commercial broiler
rations are formulated from ingredients of predominantly plant origin, broiler diets may
be deficient in biologically available chromium (Lien et al. , 1996). Currently, The
National Research Council (NRC) does not specify any recommendations for inclusion of
Cr in poultry diets, even though diets are plant based and potentially chromium deficient.
In addition, chronic stresses may alter nutrient requirements, as evident in humans and
animals, where chromium status appears to be strongly influenced by stress. Anderson
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( 1994) reported that stress situations increased urinary Cr excretion by as much as 10 to
300-fold. In addition, stressed aniJ ilals, fed normal diets, may show signs of Cr
deficiency, including decreased feed efficiency, increased stress hormone, morbidity, and
impaired immune function. Signs of chromium deficiency are usually exaggerated by
stress (Preston et al., 1976), therefore, it has been proposed that improvements in
production associated with Cr supplementation may generally be observed during periods
of stress (Kitchalong et al., 1995). cr3+ status reduces the stress-response of animals by
altering cortisol production and insulin action (Mowat, 1996). Supplemental organic cr3+
has reduced cortisol concentration in several species and also cholesterol, the precursor of
glucocorticoids (Mowat, 1996). Broilers reared under high environmental temperatures
(stress), consuming corn-soybean meal based diets may benefit from chromium
supplementation.
Chromium is only physiologically active in the trivalent (Cr3+) state.
Furthermore, the magnitude of this activity dt!pends on the particular complex or
compound to which Cr is bound. Natural Cr complexes (yeast) exhibit the highest
magnitude of biological activity (10-25 %) (Mertz et al., 1974; Anderson and Kozlovsky,
1985; Offenbacher et al., 1986). Conversely, inorganic Cr compounds are poorly
absorbed in animals and humans (0.4 to 3 % or less), regardless of dose and dietary Cr
status (Shroeder, 1971 ; Anderson et al., 1983). In the small intestine, Cr, like other trace
elements, is subject to chemical interactions with dietary (exogenous) factors and with
intestinal (endogenous) factors that may affect its absorption and assimilation in various
ways (Offenbacher and Pi-Sunyer, 1988). When a soluble mineral salt is ingested, it is
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normally ionized in the stomach. The pH of the stomach is acidic, which tends to
encourage mineral solubility. However, when the mineral salt reaches the intestines,
where the pH is less acidic, the solubility characteristics are lost, and the metal tends to
bind with an anion or ligand (Ashmead et al., 1985). This generally occurs in the
jejunum and ileum, where the metal ion is sequestered by such molecules as metal-acid
radical complexes, which are very stable, but highly insoluble, thus rendering the mineral
unavailable for absorption (Ashmead, 1993). In order to be absorbed, the metal ion must
be soluble in the intestinal medium (Vohra et al., 1965). Therefore, the absorption and
utilization of inorganic Cr may be dependent on its association with an organic molecule
(Mertz, 1969; Votava et al. , 1973; Offenbacher and Pi-Sunyer, 1980).

Subsequently,

optimum biological activity and metabolism of inorganic chromium may require a
chelated form of chromium (Lien et al., 1996). A chelated mineral may be defined as a
chemical compound in which the central atom (usually a metal ion) is attached to
neighboring atoms, by at least two bonds, in such a way to form a ring structure. These
two bonds are typically biologically active amino acids, di- and tri- peptides, and or
protein. Once chelated, metal ions lose their normal electrical charge of the free-ion and
become electrically neutral. Bonomi et al. (1993) determined that compared to equivalent
amounts of the same metals from salts, the utilization of amino acid chelates was greater.
Chelation improves mineral absorption. Vandergift (1992) found improvements in
absorption of20% or more above inorganic forms of iron, copper, zinc, and manganese.
This increased utilization is the direct result of the chelation process, which protects the
cations from external influences, by preventing them from precipitating at the alkaline pH
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of the intestine (Offenbacher and Pi-Sunyer, 1988). The enhanced absorption from the
digestive tract stems from chelates' greater stability (Jones, 1965; Manis and Schachter,
1965). Furthermore, chelated complexes increase availability from a digestive and
metabolic standpoint, as they utilize the biological transport characteristics of the peptide
or AA to which they are chelated. In addition, chelated minerals are able to by-pass the
body's normal systems that regulate their metabolic availability and therefore, are able to
target specific reactions or tissues in the body, determined by the particular amino acid to
which they are complexed. Chelated Cr has been used to decrease body fat and increase
lean tissue, to improve feedlot performance of transported stressed calves, to lower serum
cholesterol levels, and to improve immune status in calves (Seerley, 1993). Since amino
acids are absorbed in the intestinal tract, these chelated minerals are potentially valuable
in nutrition.
In studies with rats, organic Cr has been shown to be absorbed in the small
intestine, primarily in the jejunum. Following absorption, Cr is thought to be transported
by transferrin, the iron-carrier protein found in blood plasma. Transferrin was first
identified, in 1964, as a possible plasma transport protein of Cr (Hopkins and Schwarz,
1964). In addition, Sayato et al. (1980) and Yamamoto et al. ( 1984) have verified that

cr3+possesses a high affinity for binding of transferrin in plasma. Furthermore, the
occurrence of diabetes in hemochromatosis sufferers, has been attributed to an induced
metabolic Cr deficiency, resulting from excessive saturation of transferrin with iron, to
the extent that it can no longer transport Cr (Sargent et al. , 1979). In addition to
transferrin, albumin may also be capable of binding and transporting newly absorbed Cr
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(Dowling et al., 1989). It has been suggested that both transferrin and albumin may
influence Cr absorption; transferrin by binding newly absorbed Cr and albumin by
doubling as an acceptor and transporter of Cr when transferrin binding sites become
unavailable (Offenbacher and Pi-Sunyer, 1988). Researchers are not sure as to whether or
not the GTF complex also binds to transferrin or simply passes into the bloodstream as
GTF. Most of the absorbed Cr concentrates in the liver, where it may be incorporated
back into the GTF complex. GTF is then secreted into plasma and aids in insulin
function during rising glucose levels. As insulin secretion increases, GTF levels also
increase, and Cr flows into the plasma (Linder, 1985). GTF-Cr enhances insulin' s effects
of stimulating the movement of glucose from the blood stream into cells (Linder, 1985).
Chromium is believed to exert its effects on growth and development by
influencing insulin sensitivity and glucose tolerance. Insulin insensitivity is often
accompanied by a Cr deficiency, even though Cr has not been shown to be an essential
cofactor of any specific enzyme or protein (Mertz and Roginski, 1971 ). Evidence
suggests that Cr may act as a cofactor for insulin; therefore, all the actions of Cr directly
parallel those of insulin (Fisher, 1990). Insulin serves as a key regulator of carbohydrate,
protein, and fat metabolism. Amidst the different theories of how Cr specifically
increases insulin sensitivity, one fact remains certain, organic Cr potentiates the action of
insulin. Mertz (1993) found that in the presence of Cr, lower levels of insulin were
required to elicit similar biological responses. A possible explanation for the increased
insulin sensitivity, may be that Cr3+ enhances the binding of insulin to tissue receptors,
thus stimulating the insulin-sensitive processes (Mertz, 1969). An effective insulin34

response reduces circulating glucose, by stimulating its uptake by insulin-sensitive
tissues, increasing glycogen synthesis, and reducing gluconeogensis

01 ernon and Sasaki,

1991; Weekes, 1991). Efficient uptake of glucose is important, because if glucose cannot
be utilized by body cells, due to low insulin sensitivity, excess energy is stored as fat. A
possible mechanism for increasing insulin sensitivity in the presence of Cr is via
increased binding of insulin to target tissue (Mertz, 1969), with Cr functioning as a
cofactor for the carrier protein involved in the uptake of glucose by facilitated-diffusion
(Rosebrough and Steele, 1981 ). Furthermore, Cr may influence the rate of glucose entry
into the cell, by increasing the rate constant of facilitated diffusion (Mertz and Roginski,
1963). Chromium picolinate (CrPic) has been shown effective in potentiating the action
of insulin and since CrPic is lipophilic, Cr, as a complex, may exert its effect within the
plasma membrane. Morris et al. (1992) demonstrated that CrPic effectively increased the
internalization rate of insulin in rat skeletal muscle. This increased internalization was
accompanied by a marked increase in glucose uptake. Experimental observations with
synthetic liposomes suggest that membrane fluidity may be a factor in the internalization
rate of insulin (Evans and Bowman, 1992). Researchers found that in the presence of
CrPic, membrane fluidity and insulin internalization rate increased in cultured cells.
Since rigidity of a membrane is determined by the extent of bonding between adjacent FA
residues on membrane phospholipids, it is suggested that Cr complexes may increase
membrane fluidity, by insertion within the hydrophobic core of the phospholipid bilayer;
thus, diminishing hydrogen bonding and membrane rigidity. Furthermore, the insulin
receptor number appeared greater in cells grown in the presence of CrPic, subsequently,
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the quantity of insulin bound to receptors was also greatest in these cells. In swnmary,
researchers believe that CrPic may affect the action of insulin, through an effect on the
rate of insulin internalization, which, by an unidentified mechanism regulates the
synthesis or insertion of insulin receptors into the plasma membrane. Moreover, CrPic
may further affect insulin internalization by maintaining a degree of membrane fluidity,
necessary for efficient removal of the insulin-receptor complex from the surface of the
plasma membrane.
Insulin serves as the body' s anabolic hormone, therefore insulin has a profound
influence on protein synthesis, the building of muscle (Moorandian and Morley, 1987;
Vernon and Sasaki, 1991). In rats, Cr has been shown to exert an anabolic effect, in vitro,
in the presence of insulin, by increasing amino acid incorporation into heart muscle
(Roginski and Mertz, 1969). Insulin increases the uptake of amino acids and promotes
the assembly of amino acids into protein through its effects on DNA and RNA synthesis.
Subsequently, insulin action is important because if adequate amounts of amino acids
cannot enter cells, muscle cannot be built (Anderson, 1988). Cr is thought to be involved
in gene expression through its binding to chromatin, which increases the number of
initiation sites, thereby enhancing RNA synthesis. This enhancement of RNA synthesis
is resultant of the induction of a nuclear-bound protein and activation of nuclear
chromatin (Okada et al., 1989). The net effect is increased protein available for building
of muscle tissue. The effect of Cr on fat metabolism is more complex, but Cr is believed
to help regulate the balance between blood and storage forms of cholesterol and TG
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(Schroeder, 1975; Abraham et al., 1991). Decreases in carcass fat may result from fat
synthesis inhibition, fat mobilization, or a combination of the two (Kim et al., 1996).
The sparked interest in dietary supplementation of Cr stems from numerous
experimental observations, which uphold Cr as an influential nutrient, capable of shifting
the balance between muscle and fat deposition towards muscle. Cr has been shown to
enhance production by increasing feed intake, resulting in increased body weights, that
may be attributed to an increase in muscle and decrease in fat. Research suggests that
Cr' s effectiveness may be related to influences on glucose uptake and amino acid
incorporation, facilitated by increased insulin sensitivity. In addition, Cr' s role in stress
reduction may also be a factor in enhancing production.
Lindemann et al. (1995) and Garcia et al. (1997) found an increase in tissue
responsiveness to insulin in mature pigs. Anderson et al. (1991) showed that
supplementation of 200 µg/d of Cr lowered glucose and insulin blood concentrations.
Roginski and Mertz ( 1968) found that cr3+supplemented rats exhibited an improved
response to insulin, with marked hypoglycemia and increased glycogen formation from
glucose. In addition, Roginski and Mertz (1969) further demonstrated in rats, that Cr
supplementation enhanced glucose carbon incorporation into glycogen by 2-fold.
Similarly, Bunting et al. (1994) reported higher glucose clearance rates in Holstein calves
fed diets supplemented with CrPic. Cr supplementation has also been shown to decrease
serum cortisol and increase immunoglobulin M and total immunoglobins in transport
stressed calves (Chang and Mowat, 1992).
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Cr supplementation has also been shown to enhance the assembly of muscle.
Roginski and Mertz (1968) found that 2 ppm ofCr3+ added to drinking water, increased
insulin stimulated incorporation of three amino acids into heart protein of rats, as well as
increased cellular transport of an amino acid analogue. Evans and Bowman (1992)
observed an increase in amino acid uptake by rat skeletal muscle cells precultured with
CrPic.
Cr supplementation has also proven effective in reducing lipogenesis. Kitchalong
et al. (1995) found that Cr supplemented lambs exhibited a decrease in tenth rib fat and
serum NEFA concentrations, with a trend for decreased pelvic fat. Saner et al. (1983)
showed that supplementation of 50 µg of Cr, as brewer's yeast, decreased TG levels in
Turner Syndrome patients. Similarly, Doisy et al. (1976) showed Cr supplementation in
humans reduced cholesterol and TG levels in individuals with initially high values. Lien
et al. (1996) found that dietary supplementation with 800 µg/kg of CrPic reduced total
serum TG. Kim et al. (1996) showed in adipose tissues cultured with CrPic, that serum
NEF A concentrations were decreased, suggesting that lipogenesis was blocked, while
lipolysis was stimulated; glucose incorporation was decreased, indicating that protein
synthesis was stimulated.
The effects of Cr supplementation on feed intake, gain, and percentage of carcass
lean are well documented. Savoni et al. (1996) found that Cr yeast was effective in
improving feed efficiency, average daily gain, and lean cuts in heavy pigs. Page et al.
(1990; 1991) found that growing-finishing pigs fed 200 ppb of Cr as CrPic exhibited an
increased feed intake, decreased feed efficiency, decreased tenth rib fat and increased loin
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eye areas and percentage of muscling. Similarly, Lindemann et al. (1993) found that 200
ppb of Cr decreased backfat and increased loin eye area of growing-finishing pigs.
Furthermore, Moonsie-Shageer and Mowat (1993) found that 200,500, and 1000 ppb Cr,
as high Cr-yeast, fed to calves increased average daily gain (27 %) and dry matter intake
(15 %). Steele and Rosebrough (1979) also found 20 ppm of Cr, as (CrC1 3·6H20),
improved gain in turkey poults. Furthermore, Steele and Rosebrough ( 1981) reported
that Cr supplementation at 20, 40, and 80 ppm, increased gain and feed intake of threeweek-old turkey poults. Ward et al. (1993) reported a tendency for increased protein
percentage and decreased fat percentage in three-week-old broiler carcasses supplemented
with 200 ppb of CrPic. Furthermore, Hossain (1995) found that broilers supplemented
with 400 ppb of Cr, from Cr yeast, had reduced fat content of the breast meat. Anderson
et al. (1989) observed an increased breast size in turkeys receiving supplemental CrC1 3.
Considering that body composition could be altered by a proportional increase in
net protein synthesis and by a reduction in lipogenesis, it is plausible that dietary Cr
addition may have a positive effect on carcass characteristics of heat-stressed broilers.
Furthermore, since Cr has been shown to decrease the effects of stress, by lowering serum
cortisol levels, then heat-stressed broilers may benefit from dietary supplementation of
Cr.

39

3. MATERIALS AND METHODS

Three hundred, day old, commercial male broilers (Arbor Acres) were weighed
individually, wing-banded, and randomly assigned to one of four dietary treatments, with
75 birds per treatment. Chicks within each treatment were randomly distributed among
five of 20 floor pens in a single brooder house, resulting in five replicate treatment
groups, consisting of 15 chicks per group. Dietary treatments consisted of a com and
soybean-meal common starter diet (Table 1), supplemented with 0, 200, 400, and 800
µg/kg of chromium as chromium-L-methionine 1 (CrMet). Chicks were provided water
and feed on an ad libitum basis. Weekly body weights were determined individually,
while feed consumption was calculated on a per pen basis.
On day 22, blood samples were collected by cardiac puncture from 20 birds per
treatment. Of these, 10 blood samples were used for serum collection and the remaining
ten used for plasma collection. Blood samples intended for serum collection, were
collected in non-heparinized needles and syringes with no anticoagulant. Samples were
refrigerated over a 24-hour period and allowed to clot. Samples were then centrifuged at
3000 x G for 15 minutes, in order to separate the supernatant (serum) from red blood
cells. Serum samples were decanted into two aliquots of 3 mL and stored at - 20° C for
later analysis of non-esterified fatty acids (NEF A) and triglycerides (TG). Blood samples
for plasma collection were procured using ethylenediaminetetraacetic acid (EDTA) as an
anticoagulant. Following collection, samples were centrifuged at 3000 x G for 15

1

Zinpro Corporation, Eden Prairie, MN 55344.
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Table 1. Composition of basal diet
Nutrient Level(%)

Starter

Diets
Grower

Ground Corn
Soybean Meal (49% CP)
Fat1
Dicalcium Phosphate
Limestone
Vitamin-Trace Mineral Mix2
Salt
DL-Methionine
Coccidiostat3
Sand4

51.5
38.5
5.5
1.5
1.3
1.0
0.4
0.15
0.1
0.20

61.8
30
4
1.35
1.0
1.0
0.4
0.1
0.1
0.20

66.6
25
4
1.35
1.0
1.0
0.4
0.1

Total

100

100

100

23.05
3198.17

19.80
3189.98

17.79
3228.78

Finisher

Ingredient

0.20

Calculated Nutrient Composition 5
Crude protein %
Metabolizable energy kcal/kg
1

A mixture of corn oil and soybean oil; Tennessee Farmers Cooperative, La Vergne, 1N 3 7086.
Supplied per kilogram of diet: Copper, 8 mg; Iodine, 0.4 mg; Iron, 100 mg; Selenium, 0.3 mg; Zinc, 75
mg; Vitamin A (retinyl acetate), 4540 IU; Vitamin D3 , 1543 IU; Vitamin E, 15.4 IU; Choline, 284 mg;
Niacin, 34 mg; D-Pantothenic Acid, 5.7 mg; Riboflavin, 3.4 mg; Menadione, 0.85 mg; Vitamin B1 2, 0.01
mg; Biotin, 0.1 mg; Folic Acid, 0.5 mg; Thiamine, 0.6 mg.
3
Cohan, Elanco Products Co., Indianapolis, IN 48285.
4
Chromium (200, 400, and 800µg/kg) as CrMet was added at the expense or equivalent percentage of sand.
5
Values for CP, ME based on National Research Council (1994) ingredient composition values.
2
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minutes, in order to separate the supernatant (plasma) from red blood cells. Supernatant
was decanted into polypropylene tubes, in two aliquots of 3 mL of plasma and stored for
later analysis of glucagon and insulin. Aprotinin2 (protease inhibitor) from bovine lung
was added to plasma intended for glucagon analysis at the concentration of 100 µl per ml
of plasma and stored at -72° C. Plasma designated for insulin analysis was stored at

-20° C.
On day 25, twenty birds per treatment (per chamber) were randomly selected and
transferred to individual, wire cages, fitted with feed and water dispensing equipment,
within each of two environmental chambers. One chamber was allowed to cycle between
18.3 and 23.9° C (thermoneutral) and the other between 23.9 and 35° C (heat-stressed).
The thermoneutral chamber was maintained at 18.3° C for 10 hours, gradually increased
to 23.9° C and maintained for 2 hours, then gradually decreased to 18.3° C. The heat
stress chamber was maintained at 23.9° C for 8 hours, gradually increased over a 4 hour
period, until reaching the maximum of 35° C, maintained for 4 hours, and then gradually
decreased over an 8 hour period to 23.9° C. Within the two environmental chambers,
broilers consumed a corn and soybean-meal grower diet, supplemented with the same
four levels of CrMet as in the starter diet, until day 45 , when birds were switched to a
finisher diet (Table 1.). Body weight and feed and water consumption were measured
weekly.
On day 4 7, blood samples were collected via brachia! venipuncture from 12 birds
per treatment, per chamber. Of the twelve blood samples per treatment, 6 samples

2

Sigma Chemical Co., P. 0 . Box 14508, St. Louis, MO 63178.
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were used for serum collection and the other six used for plasma collection. Procedures
for blood collection, preparation, and storage were repeated, as previously described.
Ten birds per treatment, per chamber, were randomly selected, fasted for 12
hours, and weighed prior to slaughter on day 49. Birds were electrically stunned and
exsanguinated by severing the jugular vein and carotid artery. After two minutes,
carcasses were scalded in a hot water bath ( 140° F) and dropped into a rotary drum
feather picker for feather removal. Shanks were removed at the tibiotarsus joint and the
neck removed at the point of the clavicle. Carcasses were then hand eviscerated. The
abdominal fat, including the fat flanking the abdominal wall and surrounding the cloaca,
proventriculus, and gizzard, was excised and weighed. Whole, eviscerated carcasses
were then cut into market parts of the breast and leg quarter. The breast portion was
obtained by removal of the wings at the proximal end of the humerus and then cutting
through the ribs, separating the breast from the back. Leg quarters were obtained by joint
separation of the thigh from the back, between the femur and ileum. Leg quarters were
further divided into thigh and drumstick portions. Drumstick and thigh were obtained via
separation at the femur-tibia joint. Breast, thigh, and leg portions were weighed and then
stored at -20° C for later analysis of crude fat and protein. Market parts and remaining
eviscerated carcass were weighed together, in order to obtain a whole carcass weight for
determination of dressing percent.
Serum TG and NEF A were analyzed using previously validated commercial
enzymatic kits 3. Plasma insulin and glucagon were analyzed using previously validated

3

NEFA and TG enzymatic kits, Wako Pure Chemicals Industries, Ltd., Richmond, VA 23237.
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commercial radioimmunoassay (RIA) kits 4 . All samples were analyzed in duplicate,
within each assay, with a coefficient of variation less than 10 %. Skin was removed from
the breast, thigh, and drumstick portions and skin and market parts were trimmed of all
visual fat (intermuscular and subcutaneous). Trimmed fat from the breast portion was
weighed separately, while trimmed fat from thigh and drumstick were pooled, then
weighed. Breast, thigh, and drumstick portions were ground and oven-dried for 72 hours
in a forced-air drying oven at 60° C. Dried samples were ground and crude fat
determined by boiling in petroleum ether in a soxhlet5 apparatus. Crude protein content
of samples from carcass parts was determined by Kjeldhal 5 procedure.
Data were analyzed using the General Linear model procedure of SAS and
individual treatment differences were determined by Tukey' s Procedure (SAS Institute,
1987). Least square means were compared and mean differences were considered
significant if (P<0.05). Comparisons evaluated were: effect of CrMet supplementation (0
versus 200, 400, 800 µg/kg), (200 versus 400, 800), (400 versus 200, 800), and (800
versus 200, 400); effect of CrMet dose (200 versus 400, 800 µg/kg), (400 versus 200,
800), (800 versus 200, 400); effect of temperature (thermoneutral versus heat stress); and
the interaction of temperature with the above diet effects.

4

Coat-A-Count Insulin kit, Diagnostic Products Corp., Los Angeles, CA 90045-5597. Glucagon RJA kit,
Linco Research, Inc., St. Charles, MO 63304.
5
Association of Official Analytical Chemists, 1975.

44

4. RESULTS

In three-week-old broilers there was a dose-dependent response to CrMet
supplementation with 800µg Cr/kg, resulting in a 67.6 % increase (P < 0.0001) in serum
TG (Table 2). Supplementation of CrMet at 400 and 800 µg Cr/kg decreased

(P < 0.0001) plasma glucagon concentrations by 60.9 and 44.5 % respectively, but no
effect was observed for 200 µg Cr/kg (Table 2). Serum NEF A and plasma insulin
concentrations were not affected by dietary treatment (Table 2).
In seven-week-old broilers heat stress increased (P<0.0001) serum TG
concentration by 89.7 % (Table 3). Although main effect of CrMet was not significant
for serum TG concentration, compared to control, CrMet supplemented birds tended
(P < 0.1643) to have lower serum TG levels under heat stress conditions by 24.2 %. Heat
stress increased (P < 0.0001) serum NEFA concentrations by 34.8 % and CrMet at
800 µg Cr/kg tended to decrease (P < 0.0547) serum NEF A concentration (Table 3).
Heat stress increased (P < 0.0001) plasma glucagon concentrations by 98.3 %. While the
main effect of CrMet was not significant, heat stressed birds supplemented with 200 and
400 µg Cr/kg tended to have lower (P < 0.0744) glucagon concentrations (Table 3).
Plasma insulin levels were decreased (P < 0.0006) by 34.8 % under heat stress
conditions. However, compared to control, CrMet supplementation tended to increase
(P < 0.1797) plasma insulin concentrations by 35 .5 % (Table 3).
In three-week-old broilers there was a dose dependent response to CrMet
supplementation with 800 µg Cr/kg resulting in a 8.5 % decrease (P < 0.03) in average
total gain (Table 4). Feed efficiency and average total feed consumption were
unaffected by CrMet supplementation; however, heat-stressed birds receiving 800 µg
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Table 2. Plasma insulin and glucagon and serum triglyceride (TG) and
non-esterified fatty acid (NEFA) concentration of 3-week-old broilers
supplemented with chromium-L-methionine1
Insulin

Glucagon 2

TG2

NEFA

Supplement

(ng/mL)

(pg/mL)

(mg/dL)

(mEq/L)

0 µg/kg Cr

0.163

719.1 3

37.9b

0.456

200 µg/kg Cr

0.128

634.9 3

46.lb

0.524

400 µg/kg Cr

0.140

280.9b

45.0b

0.515

800 µg/kg Cr

0.176

398.8b

63.43

0.569

SEM

0.027

59.71

3.30

0.048

Dietary

Data are least squares means from 6 birds per treatment.
Effect of chromium-L-methionine (P < 0.05).
a,b Values within same column not sharing letters are different (P < 0.05).
1

2
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Table 3. Plasma insulin and glucagon and serum triglyceride (TG) and
non-esterified fatty acid (NEFA) concentration of 7-week-old broilers
supplemented with chromium-L-methionine under thermoneutral and
1
heat stress conditions
Dietary

Temp 2

Supplement

Insulin

Glucagon

TG

NEFA

(ng/mL)

(pg/mL)

(mg/dL)

(mEq/L)

0 µg/kg Cr

TN
HS

0.271
0.117

179.0
434.2

52.7
116.3

0.549
0.740

200 µg/kg Cr

TN
HS

0.330
0.272

148.2
317.8

49.7
80.9

0.557
0.736

400 µg/kg Cr

TN
HS

0.348
0.148

280.1
299.1

51.4
85.2

0.579
0.834

800 µg/kg Cr

TN
HS

0.308
0.208

158.9
468.4

41.0
87.0

0.499
0.635

0.049

54.27

9.74

0.048

0.194
0.301
0.248
0.258

306.6
233.1
289.6
313.6

84.48
65.34
68.30
64.01

0.645
0.646
0.707
0.567

0.314
0.186

191.61
379.87

48.70
92.36

0.546
0.736

Pooled SEM
Main effect means
Diets
0 µg/kg Cr
200 µg/kg Cr
400 µg/kg Cr
800 µg/kg Cr
Temp 3
TN
HS

Source of Variatio....__ _ _ _ _ _ _ Probabilite...___ _ _ _ _ _ _ __
0.0547
0.1643
0.1797
0.4248
Diet
0.0001
0.0001
Temp
0.0006
0.0001
0.6734
0.3477
Diet x Temp
0.5044
0.0744
1

Data are least squares means from 6 birds per treatment.
TN = thermoneutral environment, HS = heat stress environment.
3
Effect of temperature (P < 0.05).
2
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Table 4. Gain, feed efficiency, and feed intake of 3-week-old broilers
supplemented with chromium-L-methionine 1
Dietary

Gain 2

Feed Efficiency3

Feed Intake

Supplement

(g)

0 µ,g/kg Cr

571.49

0.608

951.21

200 µ,g/kg Cr

567.07

0.586

974.69

400 µ,g/kg Cr

568.52

0.593

966.72

800 µ,g/kg Cr

522.78

0.553

952.99

Pooled SEM

14.12

0.015

8.34

(g)

1

Data are least quares means from 75 birds per treatment.
Effect of chromium-L-methionine (P<0.03).
3
Feed efficiency is expressed as gain:feed.
2
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Cr/kg tended to have the lowest (P < 0.08) feed efficiency (Table 4).
In seven-week-old broilers heat stress reduced (P < 0.0001) gain by 26.7 % (Table
5). Gain was not improved by CrMet supplementation; however, birds supplemented
with 200 µg Cr/kg had numerically higher (P < 0.2137) gain. Similarly, CrMet
supplementation had no impact on feed efficiency, while heat stress reduced (P < 0.0021 )
feed efficiency by 24.7 % (Table 5). Heat stress also reduced (P<0.0001) feed
consumption by 15.9 % respectively (Table 5). There was a significant diet x
temperature interaction for feed intake (P < 0.0351 , respectively), indicating that
compared to control, supplementation of CrMet at 200 µg Cr/kg reduced feed intake by
14.5 % under heat stress conditions. CrMet supplementation had no effect on meat yield
of market parts as represented by breast, leg quarter, leg, and thigh and dressing
percentage (Table 6). Heat stress decreased (P < 0.0008) percentage of breast by 4.8 %.
Conversely, birds reared under heat stress conditions had increased percentage of leg
quarter (P < 0.03) and dressing percentage (P < 0.01), with a trend for increased leg (P <
0.1035) and thigh (P < 0.0732) percentage. There was a significant (P < 0.0151) diet x
temperature interaction for leg yield, indicating that under thermoneutral conditions,
CrMet supplementation of 800 µg Cr/kg increased percentage of leg meat. CrMet
supplementation had no impact on percentage of abdominal fat or percentage of visible
(subcutaneous plus intermuscular) fat from the breast and leg quarter (Table 7). Heat
stress increased (P < 0.05) abdominal and visible breast fat by 16 and 34 % respectively.

In addition, heat-stressed birds supplemented with all three levels of chromium tended (P
< 0.0681) to have increased percentages of leg quarter fat, while thermoneutral birds
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Table 5. Gai.n, feed efficiency, and feed intake of broilers supplemented
with chromium-L-methionine under thermoneutral and heat stress
conditions between 4 and 7 weeks of age 1
Dietary

Temp 2

Supplement

Feed Efficiency3

Gain
(kg)

Feed Intake
(g)

0 µg/kg Cr

TN
HS

1769
1296

0.515
0.463

3405
27663

200 µg/kgCr

TN
HS

1849
1301

0.518
0.486

3579
2366b

400 µg/kg Cr

TN
HS

1691
1263

0.504
0.485

3354
2613ab

800 µg/kgCr

TN
HS

1743
1311

0.509
0.487

3448
2637ab

45.59

0.014

102.69

1533
1575
1477
1527

0.489
0.502
0.494
0.498

3086
2972
2984
3042

1763
1293

0.511
0.480

3446
2595

Pooled SEM
Main effect means
Diets
0 µg/kg Cr
200 µg/kg Cr
400 µg/kgCr
800 µg/kgCr
4
Temp
TN
HS

Source of Variatio....__ _ _ _ _ _ _ Probabilite...___ _ _ _ _ _ _ __
Diet
0.2137
0.8190
0.6648
Temp
0.0001
0.0021
0.0001
Diet x Temp
0.5490
0.6227
0.0351
1

Data are least squares means from 20 birds per treatment.
TN = thermoneutral environment, HS = heat stress environment.
3
Feed efficiency is expressed as gain:feed.
4
Effect of temperature (P < 0.05).
ab Values within same column,within same temperature environment, not sharing letters are different (P <
0.05).
2
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Table 6. Percent carcass yield of 7-week-old broilers supplemented
with chromium-L-methionine under thermoneutral and heat stress
conditions 1
Dietary

Temp2

Breast

Leg3

Thigh

Supplement

Leg

Dressing

Quarter

Percent

0 µ,g/kg Cr

TN
HS

30.2
29.1

15.3a
16.4

17.5
17.9

32.8
34.4

64.6
65.9

200 µ,g/kg Cr

TN
HS

30.1
29.6

15.8ab
15.7

17.3
17.5

33.2
33.2

64.2
65.3

400 µ,g/kg Cr

TN
HS

31.1
30.0

15.4a
16.2

17.4
17.6

32.8
33.8

64.2
65.9

800 µ,g/kg Cr

TN

31.7
28.5

16.2b
15.7

16.9
17.6

33.1
33.4

63.9
64.0

0.599

0.276

0.313

0.431

0.581

65.28
64.75
65.02
63.97

15.89
15.76
15.78
15.98

17.70
17.44
17.48
17.27

33.60
33.19
33.26
33.26

65.28
64.75
65.02
63.97

30.76
29.28

15.96
16.01

17.27
17.67

32.97
33.69

64.21
65.29

Probabilite
0.8439
0.5786
0.0732
0.1035
0.0151
0.7854

0.7706
0.0211
0.2860

0.1348
0.0098
0.5029

HS

Pooled SEM
Main effect means
Diets
0 µ,g/kg Cr
200 µ,g/kg Cr
400 µ,g/kg Cr
800 µ,g/kg Cr
Temp3
TN
HS
Source of Variatio
Diet
Temp
Dietx Temp

0.4892
0.0008
0.1268

1

Data are least squares means, expressed as percent of whole carcass weight, from IO birds per treatment.
TN = thermoneutral environment, HS = heat stress environment.
3
Effect of temperature (P < 0.05).
ab Values within same column, within same temperature environment, not sharing letters are different (P <
0.05).
2
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Table 7. Percentage of abdominal fat and visible breast and leg quarter
fat of broilers supplemented with chromium-L-methionine under
thermoneutral and heat stress conditions 1
Visible Fat3
Dietary
Supplement

Temp2

Abdominal
Fat Pad

Breast

Leg Quarter4

0 µg/kg Cr

TN
HS

1.68
1.59

2.49
2.97

2.69
2.39

200 µg/kg Cr

TN
HS

1.60
1.78

2.42
3.47

2.73
2.72

400 µg/kg Cr

TN
HS

1.37
1.70

2.30
2.81

2.40
2.85

800 µg/kg Cr

TN
HS

1.37
1.88

2.01
3.12

2.29
3.10

0.16

0.313

0.221

1.63
1.69
1.53
1.63

2.75
2.92
2.54
2.60

2.56
2.73
2.61
2.67

1.50
1.74

2.31
3.10

2.52
2.78

Pooled SEM
Main effect means
Diets
0 µg/kg Cr
200 µg/kg Cr
400 µg/kg Cr
800 µg/kg Cr
Temp 5
TN
HS

Source of Variatio _ _ _ _ _ _ _ _ Probabiliteo3.....-_ _ _ _ _ _ _ __
0.8407
Diet
0.8265
0.5602
Temp
0.0473
0.0007
0.1343
Diet x Temp
0.3118
0.6177
0.0681
1

Data are least squares means, expressed as percent of whole carcass weight and percent of breast and leg
quarter weight, from IO birds per treatment.
2
TN = thermoneutral environment, HS = heat stress environment.
3
Subcutaneous plus intermuscular fat.
4
Pooled visible fat of thigh and leg.
5
Effect of temperature (P < 0.05).
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receiving 400 and 800 µg Cr/kg tended (P < 0.0681) to have decreased percentages ofleg
quarter fat.
CrMet supplementation had no effect on breast and thigh percent ether extract
(Table 8). In contrast, supplementation of 400 µg Cr/kg decreased (P < 0.0148)
percentage of ether extract of the leg by 10 %. Heat stress decreased (P < 0.0001)
percentage of ether extract of the breast (P < 0.0178) and leg (P < 0.0178) by 11.3 and
7 .1 % respectively, however there was no effect of heat stress on percent ether extract of
the thigh. Percentage of crude protein of the breast, leg, and thigh were not affected by
dietary supplementation of CrMet (Table 9). Additionally, percentage of crude protein of
the breast and thigh were not affected by temperature. However, percentage of crude
protein of the leg was increased (P < 0.033) by 3 % under heat stress conditions.
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Table 8. Percent ether extract of breast, leg, and thigh of broilers
supplemented with chromium-L-methionine under thermoneutral and
heat stress conditions 1
Dietary

Temp2

Supplement

Breast

Leg

Thigh

%

%

%

0 µg/kg Cr

TN

18.23
16.21

31.01
30.55

25.98
26.37

200 µg/kg Cr

TN

17.41
16.46

30.68
26.62

25.76
26.89

400 µg/kg Cr

TN

18.18
16.12

27.08
26.74

25.39
25.47

TN

18.51
15.38

29.47
25.96

25.58
24.22

0.652

1.22

0.623

17.22
16.94
17.15
16.95

30.783
28.65 3 b
26.91 b
27.72 3 b

26.17
26.33
25.43
24.90

18.08
16.04

29.56
27.47

25.68
25.74

800 µg/kg Cr

HS

HS

HS
HS

Pooled SEM
Main effect means
Diets3
0 µg/kg Cr
200 µg/kg Cr
400 µg/kg Cr
800 µg/kg Cr
Temp4
TN
HS

SourceofVariatio..__ _ _ _ _ _ _ Probabilite.,___ _ _ _ _ _ _ __
Diet
0.9619
0.0148
0.0871
Temp
0.0001
0.0178
0.8938
0.2465
Diet x Temp
0.4331
0.2814
1

Data are least squares means from IO birds per treatment.
TN = thennoneutral environment, HS = heat stress environment.
3
Effect of chromium-L-methionine (P < 0.05).
4
Effect of temperature (P < 0.05).
ab Values within the same column not sharing letters are different (P < 0.05).
2
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Table 9. Percent crude protein of breast, leg, and thigh of broilers
supplemented with cbromium-L-metbionine under thermoneutral and
beat stress conditions 1
Dietary

Temp2

Supplement

Breast

Leg

Thigh

%

%

%

0 µg/kg Cr

TN
HS

76.93
77.27

62.32
63.81

69.51
68.85

200 µg/kgCr

TN
HS

76.72
78.10

62.70
63.36

71.79
69.15

400 µg/kg Cr

TN
HS

76.88
77.43

62.80
64.99

71.05
69.85

800 µg/kg Cr

TN
HS

78.11
79.55

63.34
66.37

69.84
70.36

1.094

1.199

1.118

77.10
77.41
77.16
78.83

63.07
63.03
63.89
64.86

69.18
70.47
70.45
70.10

77.16
78.09

62.79
64.63

70.55
69.55

Pooled SEM
Main effect means
Diets
0 µg/kg Cr
200 µg/kg Cr
400 µ,g/kg Cr
800 µg/kg Cr
Temp3
TN
HS
Source of Variatio
Diet
Temp
Dietx Temp

0.3500

Probabilite

0.2326
0.9398

1

Data are least squares means from IO birds per treatment.
TN = thermoneutral environment, HS = heat stress environment.
3
Effect of temperature (P < 0.05).
2
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0.3838

0.0330
0.7859

0.6242

0.2122
0.5624

5. DISCUSSION
Benefits of Cr supplementation have been attributed to an increase in tissue
insulin sensitivity, resulting in increased uptake and oxidation of glucose that
otherwise could potentially be converted to fatty acids and stored as triglycerides in
adipose tissue. Birds have been shown to have higher circulating blood glucose
levels and lower insulin receptor binding and receptor number compared to
mammals (Hazelwood, 1973; Stevens, 1996a). This insulin resistance, combined
with birds' high lipogenic capacity (Goodridge and Ball, 1966), may be responsible
for the excessive carcass fatness of broilers. An increase in glucose uptake and
tissue availability may decrease secretion of the pancreatic hormone glucagon since
glucagon release is partially stimulated by low intracellular glucose levels. Another
effect of increased glucose uptake is reduced circulating triglyceride levels since less
glucose is available for conversion into fatty acids. Decreased glucagon release may
lower serum non-esterified fatty acid concentrations through suppression of
glucagon' s lipolytic action.
The effect of Cr supplementation on plasma and serum metabolites is
inconsistent. Previous researchers have reported decreases in insulin and glucagon

levels by chromium supplementation (Anderson et al. , 1991 ; Evock-Clover et al. ,
1993; Amoikon et al., 1995). In the present study, similar results were observed for
glucagon levels of three-week old broilers, although seven-week-old heat-stressed
broilers only exhibited a trend for decreased glucagon levels. Insulin levels of threeweek-old broilers were not affected by CrMet supplementation and in seven-week56

old broilers insulin levels tended to increase with Cr supplementation. Several
researchers have also reported that Cr supplementation decreases triglyceride and
non-esterified fatty acid concentrations (Amoikon et al., 1986; Ranhotra and
Gelroth, 1986; Samsel! et al., 1989; Kim et al., 1995), while others have reported no
effects (Steele and Rosebrough, 1981 ; Offenbacher et al., 1985; Kim et al., 1996).
In the present study, non-esterified fatty acid levels were not altered by CrMet
supplementation in the 3-week and 7-week-old broilers, which is consistent with
previous research. Furthermore, triglyceride levels of 7-week-old broilers tended to
decrease with CrMet treatment under heat stress conditions, which also agrees with
previously observed decreases in triglyceride levels in Cr supplemented birds. In
contrast, a dose dependant response to CrMet supplementation was observed in 3week-old broilers, resulting in a 67.6% increase in serum triglyceride levels. The
opposite effect of CrMet supplementation on triglyceride levels in 3-week versus 7week old broilers is interesting. Wallace and Newsholme (1967) reported that the
presence ofhexokinase, the regulatory enzyme in the first step of glycolysis, is lower
at the time of hatching compared to adult birds. Hexokinase is an isozyme of
glucokinase that is found specifically in skeletal muscle and is an important regulator
of glucose uptake. In skeletal muscle, intracelleular glucose transport occurs by
facilitated diffusion, aided by an insulin-dependent Glut-4 transporter. Entry of
glucose is controlled by a concentration gradient established by concentration
differences between blood glucose and intracellular glucose levels. When blood
glucose concentration is greater than intracellular glucose concentration, glucose
diffuses down the concentration gradient across the plasma membrane into the cell.
57

In order to prevent equilibration of glucose concentration and reverse flux of glucose
into blood plasma, hexokinase phosphorylates glucose to glucose-6-phosphate upon
entering the cell. The phosphorylation of glucose to glucose-6-phosphate traps
glucose and allows the accumulation of glucose in the muscle cell. Glucose-6phosphate is either stored as glycogen or continues through the glycolytic pathway
where it is transformed to pyruvate, which is then oxidized by the tricarboxylic acid
cycle for energy. Since the Glut-4 transporter is insulin-dependent, then
enhancement of insulin-receptor binding due to chromium supplementation could
result in increased recruitment of Glut-4 transporters from intracellular pools to the
plasma membrane. In the 3-week-old broilers, low levels of CrMet supplementation
may have resulted in increased numbers of Glut-4 transporters and increased cellular
entry of glucose into muscle cells. However, the amount of glucose entering the
muscle cells may not have been high enough to exceed the capacity of the reduced
hexokinase levels in 3-week-old birds. Higher supplementary Cr levels, such as 800
µg Cr/kg, could have further increased the number of Glut-4 transporters and cellular
entry of glucose into muscle cells, to the point that the amount of entering glucose
exceeded the capacity of hexokinase in 3-week-old birds. If this were true, then the
result would be less intracellular glucose in the form of glucose-6-phosphate.
Unphosphorylated glucose within the cell could reduce inward diffusion of blood
glucose by altering the concentration gradient. If less glucose enters muscle cells,
then more glucose would be available for uptake by the liver. In contrast to muscle
cells, the liver utilizes an insulin-independent Glut-2 transporter. While chromium
supplementation would have a minimal effect on glucose uptake by the liver, the
58

difference is that the liver contains glucokinase instead ofhexokinase, which has not
been shown to be at low levels in young birds. Therefore, since glucose uptake in
hepatocytes is also regulated by concentration gradient, then phosphorylation of the
glucose entering the cell may be more efficient than phosphorylation by hexokinase
in muscle cells, allowing the concentration gradient to remain intact. Increased
glucose uptake by the liver may provide greater opportunity for converting glucose
into fatty acids, since muscle cells are only capable of oxidizing glucose for energy.
In the bird the liver is the only site of lipogenesis, therefore fatty acids derived from
glucose are transported to adipose tissue as triglycerides, which may account for the
observed increase in serum triglyceride following higher levels of chromium
supplementation in 3-week-old birds.
Many researchers have investigated the effect of Cr supplementation on feed
efficiency, gain, and feed intake, but have reported varied results. Savoni et al.
(1996) found that Cr-yeast improved feed efficiency and average daily gain in pigs.
Page et al. (1990; 1991) found growing-finishing pigs supplemented with Cr
picolinate at 200 ppb had increased feed intake and decreased feed efficiency.
Moonsie-Shageer and Mowat (1993) found that high Cr-yeast increased average
daily gain, dry matter intake, and growth rate of calves. Steele and Rosebrough
(1979; 1981) found that turkey poults supplemented with CrCh had improved gain
and feed intake. Improvements in gain, feed efficiency, and feed intake following Cr
supplementation were not observed in the present study. Results of this study are
consistent with Amoikon et al. (1995) and Page et al. (1993) in swine and Kim et al.
(1995; 1996) in broilers supplemented with Cr who recorded no improvement in
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weight gain. Furthermore, 3-week-old broilers actually exhibited a significant
decrease in average total gain after CrMet supplementation. Page et al. (1993) also
reported decreased gain following chromium addition to the diet in growingfinishing pigs, which was attributed to decreased feed intake. Feed intake was not
affected by Cr supplementation in this study.
The effect of heat stress on broiler production and carcass traits has been well
documented. Broilers reared under heat stress conditions exhibit decreased gain
(Smith, 1993; Ain Baziz et al., 1996), feed intake, and feed efficiency (Smith and
Teeter, 1987; Bonnet et al., 1997). The results from this experiment paralleled
observations reported in earlier studies. In addition to decreased gain, feed intake,
and feed efficiency, heat-stressed broilers exhibit increased carcass fat content.
It is logical that decreased gain follows decreased feed intake. However, the
corresponding increase in fat content of broiler carcasses has baffled many
researchers since high ambient temperature produces the opposite effect in mammals
(Campbell and Taverner, 1988; Nienaber et al., 1983; Giles et al., 1988; Rinaldo and
Le Dividich, 1991). The difference in species response to decreased feed intake at
high ambient temperature may be due to one important difference that emerges
during gluconeogenesis. Decreased feed intake results in lowered blood glucose
levels. Low blood glucose levels would then stimulate secretion of the pancreatic
hormone glucagon, initiating gluconeogenesis. Glucagon exerts a lipolytic action in
adipose tissue. During lipolysis, fatty acids are released from adipose tissue and are
transported to peripheral tissues where they cross the plasmalemma entering the
cytosol. Once in the cytosol, the fatty acid is converted to acyl-CoA. Acyl-CoA
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formed in the cytosol can be transported into the mitochrondrial matrix and undergo
P-oxidation or be converted into triglycerides within the cytosol. In mammals, the
fate of acyl-CoA is determined by the presence of malonyl-CoA, the first
intermediate in the cytosolic biosynthesis of fatty acids from acetyl-CoA. If
malonyl-CoA is high, then P-oxidation is inhibited at the camitine acyltransferase-I
step, since this enzyme is required to transport fatty acids into the mitochondrial
matrix. Inhibition of camitine acyltransferase-I by malonyl-CoA ensures that Poxidation is inhibited when fatty acid biosynthesis is active. However, in avian liver,
malonyl-CoA does not inhibit camitine acyltransferase-I, suggesting that both
lipogenesis and P-oxidation occur simultaneously (Griffin et al., 1990). Therefore,
unlike mammals, birds may be able to carry out anabolic processes while in a
catabolic state. If true, then gluconeogenic substrates, while providing energy, may
also be redeposited as fat. Amino acids released from muscle enter the liver where
they are converted into glucose and released into the blood. Since lipogenesis may
be functional during catabolism of body stores, then a portion of available glucose
may be converted to triglycerides and stored as fat. Furthermore, a portion of the
fatty acids entering the liver from lipolysis may also be converted to triglycerides
and redeposited as fat. Thus producing the observed decrease in protein and increase

in fat of heat-stressed broilers. Elevated glucagon levels, stimulated by low blood
glucose, result in inhibition of insulin secretion. High glucagon levels initiate
lipolysis, elevating non-esterified fatty acid concentrations. If lipogenesis occurs
simultaneously, then triglyceride levels would be expected to increase. In this study,
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serum and plasma metabolites of heat-stressed broilers followed the described
pattern.
Concurrent anabolic and catabolic processes may explain the observed carcass
traits in heat stress broilers that have been reported by numerous researchers. Ain
Baziz et al. (1996) reported that high environmental temperature increased lipid
deposition in abdominal fat, subcutaneous fat, and intennuscular fat by 56, 62, and
44 %. While intramuscular fat was decreased in heat-stressed broilers in this study,
abdominal fat and subcutaneous breast fat were increased by heat stress, which
corresponds to findings by Ain Baziz et al. (1996). In addition to increased fat
deposition, heat-stressed broilers also exhibit decreased carcass yields. Howlider
and Rose (1988) reported decreased breast meat yield in broilers reared at 31 °C.
Smith (1993) found that male broilers reared at high environmental temperature had
decreased breast, thigh, and leg quarter yield. Smith and Teeter (1987) reported
decreased dressing percent and decreased leg, thigh, and breast weights of broilers
reared at 35° C. In general heat stress appears to decrease protein and increase
carcass fat content of broilers. However, in the present study, heat-stressed broilers
only exhibited decreased breast percentage (4 %), with increased leg and dressing
percent. Leg and thigh percentage were unaffected by temperature. The lack of a
decrease in yield of market parts of heat-stressed broilers in this study may be due to
Cr supplementation, even though the effect of Cr was only significant for percent
ether extract of the leg. A repartitioning effect of Cr may be reflected in the lower
percent ether extract and higher percent protein content of the breast and leg
compared to thennoneutral counterparts. Similar findings of decreased fat and
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increased protein following Cr supplementation have been reported in recent studies.
Savoni et al. (1996) reported increased lean cuts in heavy pigs supplemented with
chromium yeast. Page et al. (1990;1991) and Lindemann et al. (1993) reported that
200 ppb of CrPic decreased tenth rib fat and increased loin eye areas and percentage
of muscling in growing-finishing pigs.
While previous researchers have reported positive effects of Cr
supplementation on growth performance and carcass traits, supplementation of
CrMet failed to produce similar results in this study. However, CrMet
supplementation tended to decrease glucagon and triglyceride concentrations as well
as ether extract and tended to increase protein percent in the breast and leg.
Therefore, additional studies on CrMet are recommended before ruling out CrMet as
an effective nutrient repartitioning agent in broilers.
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